INTRODUCTION
Chromatin is a dynamic structure that undergoes major structural changes during DNA-dependent processes such as transcription and replication; such structural changes are mediated by different nucleoprotein complexes in which many non-histone proteins are involved. The HMG proteins are heterogeneous non-histone chromosomal proteins which are typically <30 kDa with high electrophoretic mobility in SDS-polyacrylamide gels (1) . The mammalian HMG proteins have been classified into three distinct families: HMG1/2, HMG14/17 and HMGI (1) . Members of the mammalian HMGI family typically contain three DNA binding domains consisting of the sequence motif K/RXRGRP (X = glycine or proline), termed AT hook domains, because they specifically recognize AT-rich DNA sequences (2) . Their function is mediated by their ability to bind in the narrow minor groove of the DNA helix, which causes the DNA to bend, and they are therefore referred to as architectural factors (3) , facilitating the formation of higher order nucleoprotein complexes (4) . Moreover, protein-protein interactions between HMGI/Y and the transcriptional factors NF-κB, ATF-2 and Elf-1 have been shown to directly regulate gene expression (3, (5) (6) (7) . These features of the HMGI family of proteins suggest their involvement in many biological processes at the level of both chromosome architecture and specific regulation of gene expression.
The precise function of HMGI-C remains unclear, however, there is accumulating evidence for a role in cell proliferation. For example, Hmgi-c has been found to be overexpressed in a variety of tumors (8) (9) (10) and to respond to the stimulation of growth factors as a delayed early gene in G 1 phase of the cell cycle (11) . Conversely, the suppression of Hmgi-c expression in transformed rat thyroid cells (12) and the null mutation of Hmgi-c in mouse embryonic fibroblasts (13) decreased the rate of cell proliferation. One possible mechanism by which the HMGI family of proteins play a role in cell cycle progression is by the modulation of their DNA binding ability through phosphorylation by a cell cycledependent p34-like kinase, as demonstrated both in vitro and in vivo (14) . There is also evidence suggesting that HMGI proteins could be involved in cell differentiation. An inverse correlation between the level of HMGI(Y) expression and cell differentiation has been observed in the process of teratocarcinoma cell differentiation (15) . Such a correlation is further strengthened by the finding of increased levels of HMGI-C during cell dedifferentiation (8) . Therefore, Hmgi-c could be involved in the coordination of cell proliferation and differentiation.
Recently, we determined that the Hmgi-c gene is encoded by the pygmy locus on mouse chromosome 10 (13). Expression of the Hmgi-c gene is disrupted as a result of either partial or complete deletion of the Hmgi-c gene in spontaneous and transgenic insertional pygmy mutants respectively. Gene targeting provided definitive evidence that a null mutation of the Hmgi-c gene was responsible for the mouse pygmy phenotype (13) . In parallel with the mouse studies, the human HMGI-C gene was cloned and shown to be at the translocation site of lipomas (16) . This results in the production of chimeric transcripts containing the AT hook DNA binding domains of HMGI-C fused with transcriptional regulatory domains (16) . This study describes the genomic structure of the mouse Hmgi-c gene and characterization of its expression during development. These results are an important step toward the elucidation of the intricate molecular mechanism underlying * To whom correspondence should be addressed expression of the Hmgi-c gene in both development and cell transformation.
MATERIALS AND METHODS

Reverse transcription and PCR
Based on the published mouse Hmgi-c partial cDNA sequence (GenBank accession no. X58380), two oligonucleotide primers were synthesized: sense 4864, (5′-ATCATATGAGCGCACGCGG-TGAG-3′), incorporating the start codon of Hmgi-c mRNA; antisense 4862, (5′-ATGGATCCCTAATCCTCCTCTGC-3′), including the stop codon of Hmgi-c mRNA. For reverse transcription, 20 pmol antisense oligonucleotides were used to prime cDNA synthesis in a 20 µl reaction containing 1 µg total RNA from 12.5 d.p.c. (days post-coitum) mouse embryos. Five microliters of the reverse transcription reaction were used for subsequent PCR in a 50 µl reaction containing 1× PCR buffer (0.05 M KCl, 0.01 M Tris-HCl, pH 8.3, 0.015 M MgCl 2 , 0.001% gelatin), 50 pmol sense and antisense primers, 40 nmol dNTP mixture (Pharmacia), 10% DMSO and 2.5 U Taq DNA polymerase (Gibco BRL). After initial denaturation at 94_C for 5 min, the cycling conditions were 94_C for 30 s, 55_C for 1 min and 72_C for 1 min for 30 cycles. The PCR product was cloned in pBluescript KS+ (Stratagene) and sequenced using the Sequenase Version 2.0 sequencing kit (US Biochemical).
Chromosomal walking and identification of Hmgi-c exon structure
Fifteen λ FIX II genomic clones spanning >200 kb were isolated from a chromosomal walk initiated at the pygmy locus (13) . These were digested to completion with XbaI and SalI/EcoRI, resolved on a 0.8% agarose gel and transferred to nylon filters (Duralon; Stratagene). The filters were probed with a 32 P-labeled Hmgi-c coding sequence amplified as described above. Hybridization conditions were as previously described (17) and membranes were washed in 2× SSC, 0.1% SDS at 65_C and exposed to X-ray film for 10 min.
Determination of the 3′-end of the Hmgi-c mRNA 3′-RACE was performed to determine the 3′-terminal mRNA sequence including the polyadenylation site (18) . This required synthesis of the following nucleotide primers: adaptor(dT) 13 4993, (GCAATACGACTCACTATAGTTTTTTTTTTTTT); adaptor primer 4989, (GCAATACGACTCACTATAG); sense primer 5051, (CAACATGACTGTTAACAATGC); nested sense primer 5106, (CTAGCTAAGTAAGACTGGAC). Using 2 µg total RNA from 12.5 d.p.c. mouse embryos, first strand cDNA was primed with adaptor primer 4993. The first amplification of 3′-end cDNA was made with the primer pair 4989 and 5051. Two microliters of a 1:1000 dilution of the first amplification reaction was used as a DNA template for the subsequent nested PCR reaction performed with primers 4989 and 5106. The amplified DNA products were polished with T4 DNA polymerase (Gibco BRL) and cloned into a pBluescript KS+ vector linearized at the EcoRV site. Three independent clones were isolated and characterized further by sequence analysis.
Primer extension
To map the 5′-terminus of the Hmgi-c gene, primer extension was performed as described (18 Reverse transcription was then performed with Superscript II (Gibco BRL) at 42_C for 1 h, followed by RNase A treatment, precipitation with ethanol and finally separation on a 6% polyacrylamide-7 M urea sequencing gel.
Northern hybridization
Total RNA from whole embryos and different mouse tissues was isolated by the CsCl/guanidinium thiocyanate method (19) . Aliquots of 5 µg of each RNA sample were resolved on a 1.2% formaldehyde agarose gel, transferred to a nylon membrane (Duralon; Stratagene) and immobilized by UV cross-linking. Following prehybridization, the filters were probed with a 32 P-labeled probe corresponding to exons 2 and 3 of the Hmgi-c gene using conditions previously described (20) . The filters were rehybridized with a 32 P-labeled oligonucleotide complementary to 28S rRNA (21) to ensure that equal amounts of RNA were present in each lane.
Overexpression of the murine HMGI-C fusion protein in Escherichia coli
The coding region of the Hmgi-c gene was PCR amplified as described above and used as a template for the amplification of the open reading frame (ORF) by the following primers: sense 4980, (CAGAATTCATATGAGCGCACGC); antisense 4981, (ATGT-CGACCTAATCCTCCTCTG). The ORF of the Hmgi-c gene was cloned into the 6His-pET11d vector (Novagen) in-frame with six upstream histidines by using the restriction enzymes NdeI and BamHI and also into the pGEX-KG vector (a gift from Dr Dixon) in-frame with the upstream glutathione S-transferase gene using the restriction enzymes EcoRI and SalI. Both the fusion junctions and the amplified Hmgi-c coding sequence were confirmed by sequence analysis. The His 6 -HMGI-C fusion protein was overexpressed in BL21(DE3) cells by induction with IPTG and purified with Ni-NTA resin as suggested by the manufacturer (Qiagen). The GST-HMGI-C fusion protein was overexpressed in HB101 cells by induction with IPTG and purified with glutathione-agarose beads (Pharmacia) at 4_C.
Polyclonal antibodies
Two adult New Zealand white rabbits were immunized with an excess of 1 mg of each fusion protein (His 6 -HMGI-C or GST-HMGI-C) in Freund's adjuvant by subcutaneous injection. High titer antisera was produced by repeated boosting of the rabbits intramuscularly as described (18) .
Immunoblot analysis
Whole mouse embryos and adult tissues were homogenized in lysis buffer containing 50 mM Tris-HCl, pH 7.5, 10% glycerol, indicates an unclonable region within intron 3, which is estimated to be 9 kb by restriction enzyme and Southern blot analyses (data not shown). The enlarged region on the lower part of the figure indicates the partial restriction map of a 2 kb DNA region surrounding exon one which contains a CpG island.
5 mM magnesium acetate, 0.2 mM EDTA, 1.0 mM PMSF and 1% SDS. Samples were heated for 5 min at 95_C and 6 µg separated on a 15% SDS-polyacrylamide gel and subsequently transferred to a 0.45 µm nitrocellulose membrane by semi-dry electroblotting. The filter was immunoblocked with 5% non-fat dry milk and incubated with a 1:500 dilution of HMGI-C antiserum followed by rabbit IgG anti-mouse GST-HMGI-C, HRP-conjugated goat anti-rabbit IgG and ECL substrate (Amersham) according to the manufacturer's protocol.
Construction of GAL4 fusion proteins in pGBT9
The plasmid pGEX-KGHMGI-C, the construct used to overexpress the GST-HMGI-C fusion protein, was digested with BamHI and Klenow filled in and the HMGI-C coding sequence then released by digestion with SalI. The plasmid pGBT9 (Matchmaker Two-Hybrid System; Clontech) was digested with EcoRI and blunt-ended with mung bean nuclease followed by digestion with SalI. The recovered Hmgi-c coding sequence was ligated downstream of the GAL4 DNA binding domain in the predigested and modified pGBT9 vector to form the fusion protein construct pGBTHMGI-C. The in-frame fusion was confirmed by sequence analysis. The DNA fragment encoding the acidic domain of HMGI-C (amino acids 83-108) was amplified by PCR using the primers antisense 4862, (5′-ATGGATCCCTAATCCTCCTCT-GC-3′); sense, (5′-AAGAATTCTGGCCACAACAAGTC-3′). The PCR product was digested with EcoRI and BamHI and ligated into an EcoRI-and BamHI-digested pGBT9 vector, downstream of the GAL4 DNA binding domain to form the construct pGBTI-C. The in-frame fusion was confirmed by sequencing.
Yeast transformation
The yeast strain HF7C was transformed with the pGBTHMGI-C and pGBTI-C constructs by the lithium acetate method as described in the manufacturer's protocol (Clontech). Transformants were selected on SD plates lacking Trp. The transactivation of two reporter genes (His and lacZ) by the fusion proteins was assayed as suggested by the manufacturer (Clontech).
Nucleotide sequence data
The nucleotide sequence data reported in this paper will appear in the EMBL, GenBank and DDBJ Nucleotide Sequence Databases under the accession nos X99915, X99916, X99917, X99918 and X99919.
RESULTS
Isolation and characterization of the Hmgi-c gene
In order to identify the gene responsible for the mouse pygmy phenotype, the pygmy locus was cloned (13) by screening a mouse YAC library with a 0.5 kb ApaI-ApaI genomic sequence isolated from the region flanking the site of transgene integration in a transgenic insertional mutant (22) . The isolated YAC was further subcloned into the λ FIX II phage and a 200 kb region of genomic DNA was delineated by chromosome walking and subsequently the Hmgi-c gene identified within this area (13) . A 350 bp DNA fragment containing the known coding sequence of Hmgi-c (23) was amplified by RT-PCR and used as a probe to isolate λ clones containing Hmgi-c exons. These clones were further analyzed by restriction enzyme mapping and subcloned into pBluescript KS+ (Stratagene).
A comparison between the cDNA coding sequence and the sequence of the genomic subclones determined that the Hmgi-c gene contains five exons spanning >110 kb (Fig. 1) . Detailed restriction enzyme analysis of a 2 kb DNA fragment surrounding exon 1 revealed multiple sites for restriction enzymes which recognize consensus sequences containing the dinucleotide CpG; these include a NotI (GCGGCCGC), a NarI (GGCGCC) and multiple SacII (CCGCGG) and BssHII (GCGCGC) sites (Fig. 1) . Primer extension analysis defined the transcription initiation site of Hmgi-c to be 658 bp upstream of the translational start codon ( Fig. 2A) . A variety of putative transcription factor binding sites were identified by computer analysis of the region immediately 5′ of the transcriptional start site (Fig. 2B) .
The three small internal exons of Hmgi-c (exons 2-4) were determined to be 87, 51 and 33 bp respectively. Exons 2 and 3 encode AT hook DNA binding domains II and III and exon 4 encodes the spacer region. The latter is unique for HMGI-C and separates the three consecutive AT hook DNA binding domains from the C-terminal acidic domain (Fig. 3A) and is not found in Hmgi(y) (23) . A comparison among the members of the insect and mammalian Hmgi gene family revealed a conserved genomic organization (Fig. 3A) . The DNA binding domains are identical within the mammalian HMGI family of proteins and share 84% identity with the insect homolog (Fig. 3B) . The splicing borders between the exons and introns of murine Hmgi-c were conserved as predicted by GT-AG rules (24; Table 1 ). The last exon of Hmgi-c encodes the acidic domain of the HMGI-C protein (23) and has an unusually long 3′ untranslated region. Further analysis of the 3′-end of the Hmgi-c mRNA, performed by PCR amplification (3′-RACE) (18) , indicated that murine Hmgi-c transcripts terminate 17 bp downstream of the polyadenylation signal AATAAA, 2967 bp after the translational stop codon TAG (Fig. 4) . Northern analysis of mouse embryonic RNA with a probe specific for the Hmgi-c coding sequence revealed a 4.1 kb transcript (Fig. 5A ) and corresponds to the predicted size of the transcribed region obtained from the genomic structure of the Hmgi-c gene.
Temporal and tissue-specific expression of Hmgi-c during murine development
To study Hmgi-c RNA levels during fetal development, Northern analysis was performed on total RNA obtained from wild-type mouse embryos ranging in age from 10.5 to 15.5 d.p.c. Expression of Hmgi-c was readily observed between 10.5 and 13.5 d.p.c. and decreased dramatically thereafter (Fig. 5A) . Tissue-specific expression was investigated post-natally by isolating RNA from individual organs. In the newborn, stomach and large intestine exhibited the highest levels of tissue expression (Fig. 5A) , however, at levels 100-fold lower than embryonic stages (phosphorimager analysis). Hmgi-c expression was undetectable in adult tissues (Fig. 5A) , including 12 additional tissues (data not shown), although upon overexposure (7 days) low levels were again observed in the stomach and large intestine (data not shown). The lack of appreciable expression was not due to inefficient RNA transfer, since rehybridization of the filter with an oligonucleotide complementary to 28S rRNA revealed the presence of approximately the same amount of RNA in each lane (Fig. 5A) .
Western analysis also revealed expression of the HMGI-C protein during embryogenesis prior to 15.5 d.p.c. (Fig. 5B) , with a substantial decrease in levels at later stages, which is consistent with the expression pattern of the Hmgi-c mRNA observed by Northern analysis. HMGI-C protein levels were undetectable in adult tissues (data not shown). The HMGI-C protein migrates with a mobility of 20 kDa on a SDS-polyacrylamide gel, instead of the calculated 12 kDa. This observed decrease in mobility could be a result of the highly charged amino acid content of the HMGI-C protein or reflect post-translational modifications. The identity of the 20 kDa protein as HMGI-C has been verified by its absence in mice homozygous for disruption of the Hmgi-c gene (13) .
The HMGI-C protein is not a typical transcriptional activator
The HMGI family of proteins contain three consecutive AT hook DNA binding domains followed by a C-terminal acidic domain, which is the typical structure of transcriptional factors (25) . It has been demonstrated that HMGI proteins preferentially bind to the narrow minor groove of the DNA helix (2), which is often an AT-rich sequence. Such sequences have been identified in the promoters of a variety of genes and are essential for their normal expression (5) (6) (7) 26) . The acidic domain and spacer region of Hmgi-c (residues 83-108) was fused to the GAL4 DNA binding domain (1-147) (Fig. 6A) . This fusion protein did not transactivate expression of a histidine (His) reporter gene in HF7C yeast cells, while the full-length GAL4 protein activated both the His and β-galactosidase reporter genes (Fig. 6B) . Similarly, the full-length HMGI-C fused with the GAL4 DNA binding domain did not transactivate either reporter gene. Appreciable amounts of fusion proteins from transformed yeast cells were detected by Western analysis (data not shown), ruling out the possibility that the inability to transactivate results from low level expression or instability of the fusion proteins.
DISCUSSION
This paper describes the detailed genomic structure of the murine Hmgi-c gene, which contains five exons spanning ∼110 kb of the pygmy locus on mouse chromosome 10. Restriction analysis of a 2 kb DNA fragment containing exon 1 detected multiple sites for the restriction enzymes BssHII, SacII, NotI and NarI. These enzymes have consensus sequences which occur infrequently in the mammalian genome (27) (on average one site in every 100-1000 kb) and are often used to identify CpG-rich regions of the genome. These so called 'CpG islands' have been found associated with the 5′-region of housekeeping genes and a number of growth-related genes (27) , which is consistent with their presence in the 2 kb DNA sequence surrounding exon one of Hmgi-c.
From primer extension experiments, we conclude that transcription of the murine Hmgi-c gene starts at an 'A' nucleotide and sequence analysis showed that no TATA box exists upstream of this transcription initiation site. However, 3 nt upstream of the transcription initiation site is a conserved HIP1 (housekeeping initiation protein 1) binding site. The initiator element HIP1 in combination with an Sp1 binding site in the 5′ upstream sequence of Hmgi-c could be sufficient for accurate transcription initiation. This has been proposed as the mechanism responsible for transcription initiation of a number of housekeeping genes lacking a typical TATA box (28) .
Sequence analysis of the genomic DNA 5′ upstream of the Hmgi-c transcription initiation site revealed consensus binding sites for ATF (TGACCCCG, -113) (29) , Sp1 (TGGGCGCCT, -50; GAGGCCAGC, -156) (30) , Ets (GAAGGAGGC, -99) (31, 32) and E2F (CGGGCAAAA, -189) (33) . The presence of these transcription factor binding sites in the 5′ upstream sequence of the Hmgi-c gene may explain the induction of Hmgi-c as a delayed early gene in G 1 phase following the treatment of cells with PDGF or serum (11) . The 5′ untranslated sequence of the Hmgi-c mRNA appears unusually long and contains a number of short TC repeats. The functional significance of these repeats remains unknown, but they are well conserved between mouse and human HMGI-C (34, 35) .
Comparison between the Hmgi-c cDNA and genomic DNA sequences revealed three internal exons which encode individual functional domains of the HMGI-C protein. A similar arrangement has been demonstrated for the human HMGI-C (34, 35) and HMGI(Y) genes (36) , as well as the insect HMGI/Y (37). These findings support the exon shuffling hypothesis (36) , proposed to explain the generation of new genes during evolution. An AT hook DNA binding domain is encoded by each of the first three exons, which would provide the flexibility for the formation of novel DNA binding proteins. The last exon defined by 3′-RACE revealed a long 3′ untranslated region (2967 bp), which is highly conserved when compared with the human homolog (78%). Such a long and highly conserved 3′ untranslated region is a characteristic feature of the genes encoding the high mobility group proteins (1) . This conservation suggests a functional significance for the 3′ untranslated region of HMG gene families, however, the role of the 3′ untranslated region of Hmgi-c still remains to be determined.
The analysis of Hmgi-c gene expression during mouse development determined that both Hmgi-c RNA and protein levels are highest during early embryogenesis and dramatically decrease after 13.5 d.p.c., with barely detectable expression in 18 adult tissues examined. The decreasing expression of the Hmgi-c gene coincides with the onset of organogenesis in the mouse embryo, when most cells commit to terminal differentiation (38) . This expression pattern and regulation of Hmgi-c is consistent with previous data (8, 39, 40) , which suggests that it is intimately linked with cell differentiation. For example, inhibition of HMGI-C expression partially suppressed the dedifferentiation of transformed rat thyroid cells (12) . Interestingly, the null mutation of Hmgi-c has been shown to result in reduced cell proliferation of mouse embryonic fibroblasts (13) . Therefore, expression of Hmgi-c could play an important role in the integrated processes of cell proliferation and differentiation in the developing mouse embryo.
The role of HMGI-C in the regulation of cell proliferation and differentiation is underscored by its disruption in a number of human tumors. Cloning of the human Hmgi-c gene led to the finding that its aberrant expression is frequently associated with lipomas and some benign solid tumors (16, 41) . Detailed analysis of lipomas revealed fusion transcripts containing the AT hook DNA binding domains of HMGI-C juxtaposed with transcriptional regulatory domains from novel partners. This chimeric protein could result in aberrant regulation of HMGI-C target genes, thereby providing a possible mechanism for cell transformation.
The HMGI-C protein does not function as a typical transcriptional activator in our experiments, which parallels the suggestion that the HMGI(Y) proteins are not classical transcription factors but are architectural or transcriptional accessory factors (42) . So far, both known members of the HMGI family of proteins have failed to activate transcription. However, HMGI(Y) has been demonstrated to greatly enhance transcription through protein protein interactions with other transcription factors and through DNA bending induced by the binding of their AT hooks to the minor groove of DNA (3, (5) (6) (7) . Conservation of the DNA binding motif of HMGI family proteins from insects to mammals provides functional significance to their DNA binding capability in modulating gene expression and suggests that the HMGI proteins represent an important class of developmental regulators which have been evolutionarily conserved.
